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SYSTEM AND METHOD FOR STUDYING
EPIDERMIS SAMPLES EX VIVO

REFERENCE TO RELATED APPLICATION

The present application claims the benefit of U.S. Provi-
sional Patent Application No. 61/587,236, filed Jan. 17, 2012,
whose disclosure 1s hereby incorporated by reference 1n its
entirety into the present disclosure.

FIELD OF THE INVENTION

The present 1invention 1s directed to methods of studying
tull thickness epidermal samples ex vivo and more particu-
larly to such methods involving separation of the epidermis
from the dermus.

DESCRIPTION OF RELATED ART

The skin provides a vital barrier structure that protects
vertebrates from both routine and extreme environments,
including exposure to antigens, solvents, ultraviolet light,
detergents, microorganisms, toxins, nanoparticles, particu-
late matter, weather conditions (e.g., temperature and humid-
ity) and a variety of other physical insults. In mammalians,
the skin has two major components: epidermis (outermost
portion above the basement membrane zone) and dermis. In
terrestrial vertebrates, the epidermis, where the skin barrier
function resides, 1s highly stratified, as shown in FIG. 1,
which 1s modified from J Clin Invest. 2006 May; 116(5):
11350-8. The epidermis 100 has an outermost layer or barrier
structure 102 that 1s cornified (i.e., enucleated compacted
cells)—referred to as the stratum corneum. Below that corni-
fied layer, the epidermis has another barrier structure 104 that
controls diffusion of water, solutes, macromolecules, and
microbes through the paracellular pathway, and this barrier
structure 1s called tight junctions (T1). TI are observed by
clectron micrography at the level of the stratum granulosum
106. Below thus, there are two additional layers, namely, the
stratum spinosum 108 and the stratum basale 110, the latter of
which sits directly on the basement membrane 112.

In vitro, the integrity of epithelial (or endothelial) TJ can be
evaluated by one of two complementary , but non-overlap-
ping, functional assessments: 1. Trans-epithelial electric
resistance (TEER) measures the resistance to 1on tlow, and 2.
The paracellular flux of macromolecules that typically uses
fluorochrome-conjugated probes of different radu to evaluate
TJ pore size (or any other conjugation model that would allow
quantification of the movement of a particle or macromol-
ecule from one side of the epidermis to the other). To date,
those assays can be performed 1n skin samples only by uti-
lizing a Ussing chamber system that measures the short-
circuit current (Isc) and 1s the measure of net 1on transport
taking place across the epithelium. However, that system 1s
highly sophisticated (requiring a very skilled technician to
run and maintain the system) and 1s expensive to purchase,
operate and maintain. Therefore, it 1s not too surprising that
the system 1s only actively used at a few major academic
centers.

Evaluation of TJ functions as they relate to a specific dis-
case entity or in response to genetic manipulation of a specific
gene product has traditionally been performed using a reduc-
tiomist approach where the epidermis 1s modeled with a
mono- or bilayer of differentiated keratinocytes (KC) grown
in culture. Most often this 1s with primary samples, as many
immortalized keratinocytes have alterations 1n their TJ func-
tion, arguably due to the immortalization. To variable extents,
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2

those models require prolonged KC cultures that lead to cred-
ible scientific concerns that the purported 1n vivo phenotype
might be altered by prolonged culturing or alteration of the
micro-environment (e.g., inflammatory mediators, adhesion
signals, etc) that occurs as part of the 1n vitro set up. Addi-
tionally, prolonged culture increases concerns about overt
and unrecognized microbial contamination. In summary,
even under the most 1deal situation, those models are recog-
nized as having important differences compared to the 1 vivo
situation 1n both animals and humans. The use of a kerati-
nocyte monolayer as a model ol the epidermis has been highly
criticized because that model does not faithfully reproduce
human or animal epidermis, which 1s a complex, multi-lay-
ered structure (F1G. 1).

To date, the only 1n vivo measurement of barrier integrity
measures transepidermal water loss (IEWL). TEWL 1s a
measure of water loss from inside-out. It remains unclear
whether this reflects barrier defects from the other direction,
namely outside-in, which 1s a critical clinical question. Addi-
tionally, 1t only measures water loss and cannot provide infor-
mation on the leakiness of the epidermis for macromolecules,
microorganisms, drug penetration, etc.

In a separate field of endeavor, a device for ex vivo mam-
malian intestines and intestinal cell monolayers was ntro-
duced by Asmar E. et al. 1n Gastroenterology, 2002 Novem-
ber; 123(5): 1607-13. The device taught therein 1s not used or
usable for skin samples.

The commercially available Snapwell™ (Corning) 1s uti-
lized for cell cultures, and 1n this marketed form it 1s not
suitable for studying intact skin samples. As shown in FIG. 2,

a Corning Snapwell™ 1nsert 202 includes a detachable ring
204 with a filter 206 for growing cells to contluence.

SUMMARY OF THE INVENTION

It 1s therefore an object of the invention to provide a simple
and mmexpensive system and method for studying vertebrate
(e.g., mammalian) epidermis samples ex vivo. Vertebrates
include the jawless fish, bony fish, sharks and rays, amphib-
1ans, reptiles, mammals, and birds.

To achieve the above and other objects, the present inven-
tion 1s directed to systems and methods that enable one to
study barrier properties and functions of fully stratified (full
thickness) epidermal samples from virtually any vertebrate
skin sample, including for example, healthy and diseased
human subjects or wild-type and genetically manipulated
amimal strains. Alternatively, the system could be modified to
accommodate 3D epidermal skin equivalents, such as orga-
notypic cultures, rait cultures, commercially available recon-
structed skin such as EpiDerm™ (MatTeck Corporation,
Ashland Mass.), or inducible pluripotent stem cells matured
into epidermal equivalents. Without the technique disclosed
herein, such measurements were not a possibility.

The system according to the present invention comprises a
first (e.g., upper) well for holding a first medium; a second
(e.g., lower) well for holding a second medium; and a sample
holder for holding the epidermal sample, the sample holder
being positioned to be 1n contact with the first medium and the
second medium, the sample holder comprising: a first plate-
layer 1n contact with the first medium, the first layer having a
first hole formed therein to allow the first medium to enter the
sample holder; a second layer in contact with the second
medium, the second layer having a second hole formed
therein to allow the second medium to enter the sample
holder; and a filter for holding the epidermal sample, the filter
being disposed below the skin samples, between the first layer
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and the second layer. The sample holder replaces the filter of
the conventional Snapwell™ system.

The present invention enables precise measurements of
epidermal barrier integrity of fully stratified human and non-
human epidermis, as well as epidermal equivalents, never
before achieved by a variety of arduous, costly and time-
consuming primary epithelial cell culture systems, none of
which fully recapitulate a tully mature, multilayered epider-
mis.

The mvention will allow measuring epidermal barrier
integrity by evaluating transepithelial electric resistance
(TEER), using a planar electrode (for example, Endohm-
Snap; World Precision Instruments, Sarasota, Fla., USA), and
a paracellular flux assay of for example, fluorescently labeled
probes of different radii and sizes. Probes can be added to the
upper well, and samples will be collected 1n the lower well
over time to determine the paracellular flux. The amount of
fluorescent probes that diffuse across the epidermis sample
can be measured using an appropriate fluorometer or spectro-
photometer.

Another important use of the present invention 1s to 1mnves-
tigate the ex vivo effect of various compounds or culture
conditions, including but not limited to drugs/biologics, pep-
tides, lipids, cytokines/inflammatory mediators, toxins,
nanoparticles, pH, solutes, temperature, microbial agents/
components or their byproducts, UV or other radiation,
vehicles or emollients. In each case the effect can be deter-
mined when the agent 1s applied to the upper, lower or both
wells. The readouts can be both changes 1n epidermal barrier
function(s) as a static measurement or over time and changes
in epidermal gene, protein, metabolome, epigenome expres-
sion. The epidermal synthetic changes may be independent of
barrier effects or the consequence of barrier effects, and care-
tul kinetic studies will begin to sort the relationship between
KC production and barrier functions. This model will provide
the ability to assess the importance of directional drug deliv-
ery (e.g., whether effects observed on barrier or say inflam-
mation are dependent on the route of exposure, contrasting S.
corneum exposure from S. basale [1.e. sub basement mem-

brane] exposure) by applying an agent 1n either the upper or
lower well or both.

Yet another use of the present invention 1s the study of
epidermal barrier recovery. Several human diseases and con-
ditions (e.g. dermatitis, wound, infection, and burn) are char-
acterized by epidermal barrier impairment. Several methods
can be adapted to induce epidermal barrier disruption, includ-
ing but not limited to tape stripping, thermal 1njury, UV
exposure, 1onizing radiation and beta-burn. After the injury 1s
performed 1n vivo or ex vivo, the epidermis can be i1solated
and placed into the system as previously described. The tech-
nology will allow the study of epidermal barrier recovery
after the injury allowing for many measurements over time.
Additionally, 1t will be possible to mvestigate the effect of
potential repair substances, including but not limited to drugs/
biologics, cytokines, and endogenous as well as exogenous
inflammatory mediators (e.g. pattern recognition receptor
|PRR] agonists) on epidermal barrier recovery by monitoring,
recovery of barrier function (e.g. TEER and paracellular flux)
and gene or protein expression.

The present invention will also be an 1deal system to evalu-
ate the pharmacology and toxicology of systemic and topical
drugs/biologics, additives found in both prescription and
OTC preparations and cosmeceuticals, environmental toxins,
etc. The present mvention will allow studying the barrier
properties ol skin samples 1 virtually any hospital-based
laboratory, academic or biotech/pharmaceutical laboratory.
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The methods disclosed herein, 1n at least some embodi-
ments, involve 1solating epidermis samples from 1n vivo or ex
vivo skin tissue. Essentially, the system of the present inven-
tion can then be modified to accommodate the specific skin
samples (e.g., size, type of experiments, membrane).

The present mvention will allow testing various com-
pounds on intact or wounded human and nonhuman skin/
epidermis from both discarded skin samples and from sub-
jects with specific diseases or disease states or subphenotypes
that might affect epidermal barrier and allow their compari-
son to healthy subjects. Similarly, that approach can be used
tfor all vertebrates (e.g., rodents, fish, birds, reptiles, amphib-
1ans, etc.) as well. Additionally, epidermal equivalents can be
tested using the present mvention.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the present invention will be set
forth 1n detail with reference to the drawings, 1n which:

FIG. 1 1s a sectional diagram showing the various layers of
the epidermis;

FIG. 2 shows components of the conventional Corning
Snapwell™ system:;

FIGS. 3A and 3B are schematic diagrams of a system 1n
which any of the preferred embodiments can be i1mple-

mented;

FIG. 4 shows a Weck blade;

FIG. 5 1s a graph showing a measured change 1n paracel-
lular flux after histamine treatment;

FIG. 6 1s a set of graphs showing a quantification of epi-
dermal barrier enhancement after treatment with IL17A;

FIG. 7 1s a set of graphs showing a quantification of epi-
dermal barrier disruption 1n human skin samples after treat-
ment with Th2 cytokines; and

FIG. 8 1s a set of graphs showing a comparison of epider-
mal barrier recovery among genetically modified mouse
strains and also showing the effects of a compound on barrier
recovery.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

PR.

(L]
By

ERRED

Preferred embodiments of the invention will be set forth 1n
detail with reference to the drawings, in which like reference
numerals refer to like elements or steps throughout.

FIGS. 3A and 3B are schematic representations showing
the device 300 used 1n the preferred embodiments. The filter
206 of the original detachable ring 204 1n the Snapwell™
(Corming, 3407) 1s replaced by a sandwich system 302 having
two Plexiglas (or any other suitable material) inserts 304, with
the epidermis/skin sample 306 lying in between them on a
filter paper 308 (Nucleopore Track-etched, #110407; 13 mm
diameter & pore: 0.4 um) so that 1t covers the opening. The
skin sample 306 1s mserted with epidermis side up. Each of
the inserts 304 has a hole 310 formed therein with a diameter
of 0.3 cm and an area of 0.0707 cm”. As in the conventional
Snapwell™ system, the sandwich system 1s 302 1s placed
between an upper well 312 having a medium 314 and a lower
well 316 having a medium 318. A volt-ohm meter 320 1s
connected between the two media. A 6-well plate or other
support can be used for the assay, as 1s known 1n the art.
Possible modifications to this set up include changing the
composition of the 1serts (for example—positively or nega-
tively charged plastic polymers or inserts coated with extra-
cellular matrix proteins) or changing the pore configuration
and/or dimensions.
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The use of the device of FIGS. 3A and 3B will now be
disclosed. First, the epidermis samples must be separated
from the dermis. Several methods of doing so will be dis-
closed. The specific method will vary depending of the spe-
cific assay or function tested, the source of the epidermis and
the question being asked. Methods that can be used to sepa-
rate the epidermais from the dermis at the basement membrane
zone 1nclude, but are not limited to:

1. Incubation 1n dispase (as an 1llustrative rather than lim-
iting example, 25 casemolytic units/ml 1n buifer) for 1.5 h-3
h at 37° C., in which, after incubation, the epidermis can be
separated from the dermis using tweezers, and the epidermis
sample can be placed 1n the system;

2. Incubation in 1M NaCl, 1in which, after incubation, the
epidermis can be separated from the dermis using tweezers;

3. Incubation 1n ammonium thiocyanate, and removing the
epidermis with tweezers/forcipes; and

4. Formation of a suction blister, in which an NP-2 negative
pressure vacuum apparatus (Electronic Diversities, Finks-
burg, Md., USA) or other similar apparatus can be applied to
a flat skin surface (e.g., volar forearm, back, belly). The
blisters are created through the use of suction chambers that
are attached to the subjects or animal skin. The blister roof,
which consists of full thickness epidermis, can be removed
using a sterile (or not) technique and placed in a butfer.

Methods that can be used to separate the epidermis from
dermis below the Basement Membrane Zone include, but are
not limited to, a sterile Weck blade (Goulin Guard). FIG. 4
shows a Weck blade 400, including a handle 402 and inter-
changeable guards 404 (O 08, 0.010 0r 0.012 inch) and blades
406. That method can be used for virtually any vertebrate
discarded skin tissue samples or prospectively from well-
characterized donors. That enables one to prospectively
obtain full thickness skin samples from any body surface 1n
well-characterized individuals. Some examples of where that
might be useful would be to understand barrier changes over
the natural course of disease development or as function of
disease severity, environmental perturbations, disease sub-
phenotypes, treatment, as a function of host genotype, etc.

The Weck blade 1s held at a 30-45° angle from the donor
skin (e.g. living subject or discarded skins from plastic sur-
gery procedures) surface, while a gentle traction behind the
blade 1s provided by the other hand. Using ditfferent depths
(e.g. 0.08-0.012 1nch), based on the skin sample source (e.g.
based on differences 1n epidermal depth 1n different anatomi-
cal areas as well as species-specific differences), we can
cifectively 1solate intact, full thickness epidermal samples
with mimimal to no dermis (e.g. subepithelial tissue). The
epidermis 1s removed using that Weck surgical blade, cut into
smaller samples to fit the apparatus and placed 1n a calcium-
contaiming builfer until it 1s mounted in the device.

For very thin skin samples 1solated from rodents or other
small mammalians, curettage along the dermal surface of the
biopsy can be performed with a blade to minimize the amount
of dermis taken. Alteratively, skin can be incubated in
ammonium thiocyanate and epidermis removed from dermis.
Murine skin can be 1solated from any anatomical area, defat-
ted using a surgical blade, cut into smaller samples to mount
in the apparatus.

Epidermal samples are then inserted into the system. Once
the skin samples are mounted into the system, the samples can
be tested immediately and for as long as the epidermal sample
remains viable, which depends on a number of factors but 1s
typically upwards of 48 hrs 11 incubated underphysiological
conditions. Using this model, one can start with healthy con-
trol epidermis samples and study the eflect of changes in
temperature, osmolarity, pH, microbial organisms and/or by
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6

products, solutes, particulates, radiation, on barrier function
to give just a few examples. Media can be added to both wells
or only to the lower well.

Based on the skin samples to analyze and the specific assay
to perform, numerous modifications can be considered to
better adapt the system. Such modifications include but are
not limited to: size of the chamber; size, thickness, composi-
tion, coating/surface charge of the serts; size and shape of
the inserts’ internal hole; and material and permeability of the
f1lter.

We have tested the invention using human discarded skin
as well as murine epidermal samples. Several examples of the
invention applications are reported hereatter.

We have tested the effect of Histamine on intact human
epidermis samples and found 1t can reduce epidermal barrier
function. FIG. 5 shows a graph of the results. Human skin
epidermal samples were 1solated with dispase treatment and
mounted 1nto the system, and the paracellular flux of fluores-
cein was evaluated at 10, 20 and 30 minutes. Histamine 100
uM enhanced the paracellular flux of fluorescein, indicating
greater leakiness of the epidermal sample in response to expo-
sure to histamine.

We have also used the invention to test the effect of cytok-
ines relevant to human disease on epidermal barrier function
recovery. Human discarded skin was tape stripped to induce a
barrier impairment, this barrier-disrupted epidermis was 1so-
lated using the Weck blade and placed into the system.
Samples were than treated for 24 h with human recombinant
IL17A, a prototypic cytokine commonly found within the
skin lesions of psonasis (FIG. 6) or the Th2 cytokines, 11.4
and IL.13, commonly found in atopic dermatitis (FIG. 7).
After 24 h treatment with human recombinant IL.17A (50 and
100 ng/ml), TEER was increased, and paracellular flux was
reduced as compared with a sample treated with media alone.
Those data indicated IL17A enhanced epidermal barrier
recovery.

When we treated epidermal skin samples with human
recombinant IL.4 (50 ng/ml) and I1L.13 (350 ng/ml), TEER was
reduced, and paracellular flux was increased as compared
with a sample treated with media alone, suggesting weakened
barrier function.

We have also used the present invention in a murine model.
Skin barrier recovery after 1n vivo tape stripping was evalu-
ated 1n wild type mice as compared to genetically modified
mice that expressed a constitutively activated form of STAT6
under the CD2 locus, that results 1n the enhanced expression
of Th2 cytokines (IL-4 and IL-13). Skin samples were col-
lected from the healthy, nonperturbed skin of the back or from
an area of the back that underwent tape stripping. The dermis
was removed by scraping with a surgical blade and skin
samples were mounted 1n the system. We observed no differ-
ences 1n recovery between the two mice strains. However,
when we treated both samples with a TLR2 agonist
(Pam3CSK4, 10 uM) we noticed a greater recovery in wild
type mice as 1t compared to STAT6 mice. FIG. 8 shows the
results. All data are normalized to WT vehicle control group.

In FIG. 8, ns: not significant; *P<0.05, **P<0.01,
#kP<0.001. (WT, n=3; STAT6V'T, n=3). This suggested that
these hyper Th2 mice (e.g. STAT6 mice) had developed a
defect in TLR2 signaling such that they no longer had the
expected TJ barrier recovery response to TLR2 ligands.
While preferred embodiments have been disclosed 1n
detail above, those skilled in the art who have reviewed the
present disclosure will readily appreciate that other embodi-
ments can be realized within the scope of the invention. For
example, disclosures of specific numerical quantities and
ranges are 1llustrative, as are disclosures of specific materials,
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as those skilled 1n the art will understand the ways 1n which
the present invention can be adapted to a variety of needs.
Also, other techniques for obtaining an epidermal sample can
be used. Therelore, the present invention should be construed
as limited only by the appended claims.

What 1s claimed 1s:

1. A system for studying an epidermal sample ex vivo, the

system comprising:

a first well for holding a first medium:;

a second well for holding a second medium; and

a separable sample holder for supporting the epidermal/

skin sample, the sample holder, when the system 1s in

use, being positioned to be 1n contact with the first
medium and the second medium, the sample holder
comprising:

a first layer 1n contact with the first medium, the first
layer having a first hole formed therein to allow the
first medium to enter the sample holder;

a second layer in contact with the second medium, the
second layer having a second hole formed therein to
allow the second medium to enter the sample holder;
and

a filter for supporting the epidermal sample, the filter
being disposed between the first layer and the second
layer.

2. The system of claim 1, further comprising an electrical
meter connected between the first medium and the second
medium.

3. The system of claim 2, wherein the electrical meter
comprises a volt-ohm meter.

4. The system of claim 1, wherein the first well 1s disposed
within the second well.

5. The system of claim 1, wherein the first well, the second
well, the first layer, the second layer, and the filter are con-
figured to be separable.

6. A method for studying an epidermal sample ex vivo, the
method comprising:

(a) providing a system comprising:

a separable sample holder for supporting the epidermal/
skin sample, the sample holder, when the system 1s 1n
use, being positioned to be 1n contact with the first
medium and the second medium, the sample holder
comprising;:

a first layer 1n contact with the first medium, the first
layer having a first hole formed therein to allow the
first medium to enter the sample holder;

a second layer in contact with the second medium, the
second layer having a second hole formed therein
to allow the second medium to enter the sample

holder; and
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a filter for supporting the epidermal sample, the filter
being disposed between the first layer and the sec-
ond layer;

(b) obtaining the epidermal sample;

(¢) placing the epidermal sample into the sample holder

and assembling the system; and

(d) performing a study on the epidermal sample.

7. The method of claim 6, wherein step (¢) comprises
connecting an electrical meter between the first medium and
the second medium.

8. The method of claim 7, wherein the electrical meter
comprises a volt-ohm meter.

9. The method of claim 6, wherein the first well 1s disposed
within the second well.

10. The method of claim 6, wherein the first well, the
second well, the first layer, the second layer, and the filter are
configured to be separable.

11. The method of claim 6, wherein step (b) comprises:

(1) incubating a skin sample comprising both epidermis and

dermis to loosen the epidermis from the dermis; and

(1) removing the epidermis from the dermis.

12. The method of claim 11, wherein step (b)(1) 1s per-
formed using at least one of dispase, NaCl, and ammonium
thiocyanate.

13. The method of claim 11, wherein step (b)(11) 15 per-
formed mechanically.

14. The method of claim 6, wherein step (b) comprises
forming a suction blister.

15. The method of claim 6, wherein step (b) 1s performed

with a blade.

16. The method of claim 15, wherein the blade 1s a Weck
blade.

17. The method of claim 6, wherein step (d) comprises
measuring paracellular flux of a fluorescent or similarly
tagged substance.

18. The method of claim 17, wherein the fluorescent sub-
stance comprises fluorescein.

19. The method of claim 6, wherein step (d) comprises
measuring transepithelial electric resistance.

20. The method of claim 19, wherein the transepithelial
clectric resistance 1s measured using a planar electrode.

21. The method of claim 6, wherein step (d) comprises
studying an effect of a compound on the epidermal sample.

22. The method of claam 21, wherein the compound 1s
introduced into either or both of the first medium and the
second medium.

23. The method of claim 6, wherein step (d) comprises
studying epidermal barrier recovery.
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